Managed aquifer recharge (MAR) with reclaimed water is an important water reuse application. As an intentional way of recharging water into aquifers, MAR can be used to address water shortages and contribute to sustainable water resources management practices. The establishment of a MAR system depends on the source of recharge water, the selection of a recharge method and site, the type of water treatment system, and the ultimate purpose of recovered water, and these components are closely related and integrated. However, at present, detailed regulations or guidelines that specifically guide MAR with reclaimed water are unavailable in most countries. The complexity of MAR systems and the lack of a sophisticated regulatory framework increase the difficulties of MAR implementation. This review provides an introduction to MAR with reclaimed water and a comparison of current worldwide water reuse regulations or guidelines, including a proposed approach for MAR implementation. An analysis of selected MAR with reclaimed water case studies was also done within the context of this proposed approach. This paper recommends the development of specific regulatory or design criteria, including a complete quantitative risk assessment framework for the evaluation and operation of MAR systems.
INTRODUCTION
Various locations currently or will potentially experience the problem of water shortage due to rapid population growth, water contamination, groundwater exhaustion, and unbalanced allocation of water resources caused by geographical and seasonal variations (Asano & Cotruvo ; Chen et al. ) . For this reason, an emerging paradigm of sustainable water resources management is developing. Some strategies, including water conservation and water reclamation and reuse, aim to ensure that current water demands are met without compromising future needs (World Commission on Environment and Development ; Asano et al. ) . Water reclamation and reuse is an integrated process in which different water treatment technologies are used to treat wastewater. The reclaimed water can be used for irrigation, urban uses, industrial uses, and supplementing potable water resources (Anderson ) . This strategy is a promising water resources management option and has been widely applied around the world. The recycling of wastewater can not only provide a reliable alternative water source but also reduce the environmental pollution caused by the discharge of wastewater.
One water reuse application, managed aquifer recharge (MAR) with reclaimed water (Figure 1) , is an intentional process of recharging water into aquifers for further recovery or environmental uses (Dillon et al. ) . Unlike natural aquifer recharge processes, in which aquifers are replenished by rain or stream-bank infiltration, MAR is an artificial means to replenish groundwater. The advantages seawater intrusion, storage of water underground to buffer seasonal supply and demand variations and to reduce water evaporation, maintenance of groundwater-dependent ecosystems, mitigation of floods and flood damage, and improvements of urban landscapes (Kazner et al. ; USEPA ). In particular, this process shows potential for well-based potable water supply and stream-based wastewater treatment systems, which are common in many areas of Canada. However, implementing a MAR system is quite challenging since multiple aspects of urban planning, storm management, wastewater management, and water supply must be taken into consideration (NRMMC-EPHC-NHMRC a). In addition, the lack of a mature regulatory framework for MAR system planning increases the difficulties ( Hochstrat et al. ), the management of MAR (Bouwer ) , or the economics of MAR systems (Shah ) . However, few studies have reviewed and critically assessed the general worldwide regulatory framework for MAR using reclaimed water. This area will be important as water reuse continues to be developed and implemented globally.
Therefore, the objectives of this review are to critically summarize and compare worldwide water reuse guidelines or regulations for MAR with reclaimed water, and to propose an approach for MAR implementation based on current guidelines and regulations. Within the context of this approach, selected MAR case studies that use reclaimed water were analyzed. To provide background knowledge, this review also presents the general principles that are involved in MAR.
TYPES OF MAR
Design of an appropriate MAR system will depend on site-specific requirements and conditions. Existing MAR systems can be classified into eight different types, as shown in Figure 2 , and described below. Besides these eight types, the Australian water reuse guidelines for MAR (NRMMC-EPHC-NHMRC a) also include sand dams, underground dams, bank filtration, dune filtration, and soil-aquifer treatment (SAT) as additional MAR types; however, these types can be included within the categories outlined below. Specifically, sand dams and underground dams can both be used to retain floods, and therefore can be considered as a sub-category of recharge release. Bank filtration, dune filtration, and SAT are the only infiltration processes that can remove contaminants, but can be included within other MAR types such as percolation tanks, infiltration galleries, or infiltration ponds.
• Aquifer storage and recovery (ASR). ASR is the underground storage of water through injection and recovery from the same well (Pyne ) . This type of MAR is a cost-effective water storage option with a small surface footprint (Maliva et al. ) .
• Aquifer storage, transport, and recovery (ASTR). ASTR refers to the injection and recovery of water from separate wells. This method is an upgraded version of ASR and is quite effective for improving stored water quality due to a longer residence time (Maliva & Missimer ) .
• Vadose zone wells. Also called 'dry wells', these are shallow wells where groundwater is deep. Common uses are for infiltration and disposal of storm runoff where rainfall is low and no storm sewers or combined sewers are available (Bouwer ).
• Percolation tanks and recharge weirs. These are dams constructed in transient streams, to retain stormwater that can then penetrate through the stream bed to increase the storage in unconfined aquifers (NRMMC-EPHC-NHMRC a).
• Rainwater harvesting. In this MAR system, rainwater is collected and redirected to a deep pit with percolation and then reused for further purposes. This process is efficient to augment the natural filtration of rainwater to underground formations, and is beneficial to restore the hydrological cycle in urban areas (Kim et al. ) .
• Infiltration galleries. Infiltration galleries are percolation trenches in which a permeable medium has internal void spaces to facilitate infiltration (Bekele et al. ) . They are among the oldest known ways of harvesting clean water (Kresic ).
• Infiltration ponds. These are large open water ponds that are either excavated or located in an area surrounded by a bank. This practice has good pollutant-removal efficiencies and is considered to be an effective means to recharge groundwater and increase base flow to stream systems (New Jersey Department of Environmental Protection ).
• Recharge releases. In this type of MAR, dams are built on ephemeral streams to detain flood water. Therefore, the release rate of the water downstream can be slowed so it can be directly recharged into underlying aquifers (NRMMC-EPHC-NHMRC a).
KEY ELEMENTS OF A MAR PROCESS
The six key elements of MAR for reclaimed water include the sources of recharge water, water treatment, recharge method, recharge site, water recovery, and ultimate uses of recovered water, and each element is further explained as follows. These elements are based on those defined by the USEPA () Guidelines for Water Reuse, but water treatment was added as an additional element due to its importance in the process, and sub-surface storage was renamed as recharge site to more accurately reflect the various factors involved in defining the site characteristics.
• Sources of recharge water. In terms of water reuse through MAR, aquifers can be recharged using reclaimed wastewater from municipal wastewater treatment plants.
Other sources of recharge water that are not directly related to water reuse can include stormwater, surface water from rivers or lakes, groundwater drawn from other aquifers or remotely from the same aquifer, or drinking water from potable water distribution systems (NRMMC-EPHC-NHMRC a). Water quality is an important consideration, and will be guided not only by the end purpose but also by environmental water quality standards. As such, additional treatment will likely be required for reclaimed water.
• Water treatment. Water treatment refers to artificial purification processes for the recharge water. To achieve the required water quality, different engineered technologies are combined to pre-treat recharge water or post-treat recovered water in order to remove specific contaminants. In addition, the appropriate design of water treatment can alleviate the potential for accumulation of pollutants in aquifers.
• Recharge method. Two recharge methods used in MAR are direct injection and surface spreading. Selecting a recharge method depends on many factors such as aquifer type, aquifer depth, land availability, groundwater quality, and costs. Figure 3 shows a typical procedure for selecting a suitable aquifer recharge method (USEPA ), where several levels of criteria are considered. The first criterion is aquifer type; if the aquifer is confined, direct injection should be chosen, otherwise, the second criterion (groundwater depth) should be considered. For unconfined aquifers, the cost of direct injection wells will be higher when the depth to groundwater increases. Therefore, a critical value of groundwater depth, which usually ranges from 100 to 201 m (USEPA ), should be determined for each situ- • Recharge site. The recharge site will have a great impact on the performance of a MAR system, since this element has a close relationship with the methods used for recharge and water recovery. Once the recharge location is chosen, the sub-surface characteristics are identified so that storage capacity and hydrogeological conditions can be determined. The selection of recharge sites is a complex decision-making process. Different levels of factors including geological and hydrogeological characteristics, • Water recovery. Water recovery specifically refers to the natural purification processes for the recharge water.
Underground natural purification is considered to remove some microbial and chemical contaminants, mainly through adsorption or biodegradation (Schmidt et al. ; Maeng et al. ) . Managing the travel time of the recharge water has been the key operational consideration to ensure the recovery of water (USEPA ).
• Ultimate uses of recovered water. The ultimate uses of water recovered from aquifers can vary. Normally, aquifer water is used for purposes such as drinking, agriculture, industry, and environment. Other uses include barriers against aquifer salinization, flood mitigation, and coastal water quality improvement through the reduction of urban discharge (Dillon et al. ) .
In terms of water reuse through MAR, water quality and treatment processes will be particularly important and need to be considered in various aspects of planning. Water quality is an essential consideration in MAR systems since it greatly influences the choice of water treatment technologies, MAR site selection, and MAR system design and operation. The final uses of the recovered water from aquifers will guide the design and water quality that is required. Even though water passage through underground natural systems, or SAT, can provide some treatment for contaminant removal, these processes are quite complex and not easily controlled (Asano & Cotruvo ) . Therefore, additional engineered processes should be used to pre-treat or post-treat the recharge water to guarantee that the pollutants do not contaminate or accumulate in aquifers and the required quality of recovered water is achieved. The selection of water treatment units or trains is usually based on the source and quality of water that is used for recharge.
As an example, if nitrogen is identified as a critical constituent whose concentration is significantly higher than the specified value, de-nitrification should be considered. (1) recharge water quality requirements, (2) MAR design, operation and maintenance, and (3) ultimate uses of recovered water. To understand the current rules for MAR with reclaimed water, three regulatory documents (California, Florida, and Australia) which contain relatively more detailed MAR criteria or guidance information in this regard will be discussed.
GUIDELINES AND REGULATIONS

California groundwater replenishment regulation
In June 2014, the Groundwater Replenishment with Recycled Water regulation was released by the California Department of Public Health (California Department of Public Health ). In this regulation, groundwater replenishment using recycled wastewater for indirect potable reuse via surface application and subsurface application is addressed. Since the ultimate use of recovered water from aquifers is normally for drinking water, the regulation requires a public hearing prior to the implementation of such an aquifer recharge project. In addition, the criteria propose a multi-barrier approach to ensure the safety of recovered water. Different kinds of groundwater replenishment controls are specified, including those relating to the water source, artificial and natural treatment, dilution control, monitoring, and operations. For each control, the requirements are stringent and comprehensive.
For example, in the control of pathogenic microorganisms, more specific microbial indicators are used including enteric viruses, Giardia cysts, and Cryptosporidium oocysts, but not Escherichia coli or total coliforms. This specific microbial requirement will require more sophisticated wastewater reclamation and monitoring methods. Moreover, ongoing monitoring is required, as well as remediation methods to deal with problems in a timely way so as to achieve microbial reduction targets. The most innovative part of the Californian code is the concept of reclaimed water dilution, which can reduce the concentration of contaminants in reclaimed water without the need to upgrade the wastewater reclamation processes. neighboring potable water sources, additional levels of reapplication treatment, setback distances (distance between the recharge site and nearby protection zones), and hydraulic loading rates are set. For direct injection, the receiving groundwater quality will set the recharge water quality limits and required pre-treatment levels. When the total dissolved solids (TDS) level in the groundwater is less than 3,000 mg/L, wastewater is required to receive full treatment and disinfection (secondary treatment, filtration, disinfection, and multiple barriers for control of pathogens and organics) to meet drinking water quality requirements.
Florida administrative code
When TDS level of the groundwater is more than 3,000 mg/L, principal treatment and disinfection (secondary treatment, filtration, and disinfection) of the wastewater are required. Water quality requirements in the code not only specify typical wastewater quality parameters but also include total organic halogen (TOX) as a surrogate parameter, to measure the concentration of halogenated organics that may be toxic to humans (Glaze et al. ;
Williams ). Pilot testing is also required before the implementation of full-scale projects.
Australian guidelines
The Australian Guidelines for Water Recycling: MAR is one of three modules which comprise Phase 2 of the National Water Reuse Guidelines (NRMMC-EPHC-NHMRC a).
This document includes a framework for hazard identification and risk assessment of MAR projects, MAR operational management, as well as monitoring issues. To be applicable for a variety of MAR projects, this document covers different types of aquifers, reuse purposes, and source water including both wastewater and stormwater.
Since the main purpose of this guideline is to provide general principles for the implementation of MAR projects, it does not specify recommended water quality parameters, Two types of qualitative risk assessment are described in the document; the first is a broad assessment for general projects, and the second is a simplified assessment for specific projects in defined conditions.
Other guidelines or regulations
Several other water reuse directives are available; however, unlike the guidelines or regulations discussed above, these documents either do not include MAR as an end-use option for reclaimed water or do not provide information on all aspects of MAR planning, design and operation. The water quality needed for MAR is an important consideration, as treatment and monitoring requirements will play a large role in the design and operation of the system. Therefore, the guidelines or regulations discussed above were compared to determine the required quality of the recharge water for MAR, and the results are summarized in Table 1 . In terms of microbial limits, it can be seen that most documents include limits for fecal coliforms or total coliforms, but only the latest California regulation specifies the treatment targets for other groups of pathogen indicators including enteric viruses, Giardia cysts, and Cryptosporidium oocysts. As discussed above, Australia uses quantitative microbial risk assessment (QMRA) to establish acceptable microbial water quality limits. Since the water recovered from aquifers is often used for potable purposes, inorganic or organic contaminants that are regulated in the drinking water standards have been taken into consideration. In some cases, limits have been set for specific chemical and physical parameters, including those that measure typical wastewater monitoring parameters (e.g., total suspended solids, biological oxygen demand, and total nitrogen). However, in many cases, and in particular, for inorganic and organic chemicals, the guidelines state that values must meet environmental or drinking water stan- 
PROPOSED REGULATORY APPROACH
Building on the currently available worldwide water reuse regulations and guidelines for MAR with reclaimed water, an approach for MAR implementation can be developed.
Because many countries do not currently have MAR guidance documents, a standardized approach can be used by regulatory agencies, municipalities, and other water providers with long-term planning of water and wastewater options to ensure sustainable development. Figure 4 shows an overview of a scheme for MAR with reclaimed water.
The approach comprises three steps that include planning, design, and operation.
In the first planning stage, existing problems should be thoroughly analyzed to determine whether there is a need to establish a MAR project. This step identifies the sources of recharge water and ultimate purposes of recovered water. The amount of recharge water and recovered water should be evaluated together with current water sources to ensure that the required water demand can be met. In using reclaimed water as a source of recharge water, the Orange County groundwater replenishment system (USA)
The groundwater replenishment system in Orange County, California, is another groundwater recharge project using recycled water. As the world's largest wastewater purification system for indirect potable reuse, this system has provided a large amount of high quality water for around 600,000 residents in north and central Orange County since its initial operation in 2008 (USEPA ).
Planning
As a semi-arid county in southern California, Orange
County's water supply had relied on imported water from northern California and the Colorado River for decades.
However, with population growth and environment constraints, imported water was less available. To provide a reliable water supply, highly treated wastewater was recognized as an alternative water source and recharged into the aquifer to replenish groundwater basins and prevent seawater intrusion. Since the groundwater replenishment system depends solely on wastewater as the source water, gaining social acceptance was significant. To get approvals, an outreach program was established through media and other activities to broadcast the concept of purifying wastewater to drinking water (USEPA ).
Design
The most innovative part of this case study is its design for water treatment. In order to produce high-quality recharge water, a state-of-the-art wastewater purification plant was 
Operation
Water quality monitoring is essential in the groundwater replenishment system operation. Regulated water quality parameters including metals, organics, nutrients, and microbial indicators are tested to ensure that the drinking water standards can be achieved. Unregulated water quality parameters, including pharmaceuticals, personal care products, and endocrine disruptors are also monitored to reduce the health risks. In addition, to secure support from the public, a comprehensive outreach program was established and is still active. Until now, no significant or organized public opposition has been reported (USEPA ).
Successes and lessons learned
The Orange County groundwater replenishment system is a good example to illustrate the effectiveness of how advanced water treatment can be applied for MAR to achieve potable water quality. From this case study, it can be seen that membrane filtration and advanced oxidation processes ( 
Planning
Due to the low average annual rainfall, Adelaide is regarded as the driest capital city in Australia. Although the monthly rainfall is higher during May to September, the local high summer evaporation rates make the catchment of stormwater difficult. Therefore, the ASTR project was established to capture stormwater and provide additional drinking water.
Design
The system encompasses the Parafield Stormwater Harvesting Facility, which is used to collect and pre-treat stormwater, and the ASTR well field, which is used to inject and abstract water. In the harvesting system, stormwater from a 16.2 km 2 mixed industrial and residential catchment is collected and then diverted through two stormwater settling basins into a constructed wetland with a capacity of 25,000 m 3 (Page et al. a, b) . The application of constructed wetlands provides a cost-effective and robust natural way to pre-treat stormwater. In the well field, four wells are used for injection and two wells are used for abstraction. The separation of these injection wells and abstraction wells gives a longer residence time to ensure the production of higher quality recovered water for irrigation (Kazner et al. ) .
Operation
Since the stormwater harvesting and ASTR are all passive treatments, their performance cannot be easily controlled. To ensure the water quality, frequent sampling and monitoring are conducted (Kazner et al. ) . Currently, this site is used as a fullscale trial to evaluate the feasibility of potential drinking water production. Post-treatment, which may include UV and chlorine disinfection, are still under investigation (Page et al. c) .
Successes and lessons learned
The Salisbury ASTR project demonstrates the importance of natural systems in MAR. Since natural treatments are green technologies, which can reduce operational costs and environmental impacts, these processes will be widely applied in future systems.
In addition to the case studies presented, several other notable MAR with reclaimed water projects have been established in different parts of the world, including the USA, Australia, Belgium, Italy, Spain, China, and Israel (Table 3) . • Six components (sources of recharge water, water treatment, recharge method, recharge site, water recovery, and ultimate uses of recovered water) can be used to assess MAR systems. Water quality is an essential consideration and influences the key factors for MAR systems.
• A review of the available water reuse guidelines or regulations identified that a framework for MAR implementation should be based on planning, design and operational requirements for MAR with reclaimed water.
• Established MAR with reclaimed water projects can serve as a reference for the future implementation of MAR projects. All components in the system are important for the establishment of MAR with reclaimed water projects.
Artificial and natural treatments should be properly designed and operated to ensure the safety of recovered water.
• Gaining social acceptance is of great importance for the success of MAR with reclaimed water projects.
• Specific regulatory or design criteria for the establishment of MAR systems and a complete quantitative risk assessment framework for the evaluation and operation of MAR systems should be established.
